During the preadult development of Drosophila melanogaster, the GLD (glucose dehydrogenase) gene (Gld) is expressed in a variety of tissues, including the immature reproductive tract. At the adult stage the expression of Gld becomes largely restricted to the reproductive tract of males and females. We examined the expression of GLD in the adult reproductive tract of 50 species in the genus Drosophila, as well as in those of a few representative species from four other closely related genera. GLD exhibits considerable organ-specific diversity in the reproductive tract of males and females. Among these species, five male GLD phenotypes and six female GLD phenotypes were found. In contrast, the preadult expression of GLD in representative species from each distinct adult pattern type was determined and found to be highly conserved in both the immature reproductive tract and nonreproductive organs. Moreover, the set of reproductive organs that express GLD during preadult development is equivalent to the sum of the five male and six female adult GLD phenotypes. To initially define the contribution of cis-versus trans-acting factors responsible for differences in adult GLD expression between two of these species-D. melanogaster and D. pseudoobscura-we transferred the D. pseudoobscura Gld to the genome of D. melanogaster and investigated its expression. GLD expression patterns of these transformants displayed characteristics that are unique to both species, suggesting the presence of both cis-and transacting differences between these two species.
Introduction
The morphology of the reproductive tract of Drosophila exhibits great interspecific variation (Throckmorton 1963 ). The molecular and developmental details of the rapid evolution of the reproductive tract are unknown but may involve the primary sex-determination factors (Feng et al. 199 1 b) . In D. melunoguster both male and female primordia exist in each animal, for the development of the somatic reproductive organs (Schupbach et al. 1978 ) . Normally, the action of the sex-determination genes (Sxl, tru, tru-2, ix, and dsx) leads to the selection of the sex-appropriate primordium for differentiation (Baker and Ridge 1980; Baker 1989 ). Elsewhere, we have shown that the expression of the sex-determination pathway determines the adult pattern of the GLD (glucose dehydrogenase) gene (Gld) in the reproductive tract (Feng et al. 199 1 b) . When the sex-determination genes are m&regulated in D. melanogaster, ectopic patterns of Gld expression occur which resemble the normal patterns in other Drosophila species.
Within the genus Drosophila only the melanogaster subgroup species exhibit high levels of GLD activity in whole-fly homogenates (Cavener 1985 ) . This high activity is localized to the ejaculatory duct (Cavener and MacIntrye 1983) . GLD activity in females and nonmelanogaster-subgroup males was quantitatively indistinguishable from Gld-null-mutant D. melanogaster males, leading us to incorrectly conclude that GLD was male limited at the adult stage and restricted to melanogaster-subgroup males (Cavener 1985) . More recent examination of the in situ expression in D. melanogaster showed that, although GLD is abundantly expressed in the adult male ejaculatory duct, it is also expressed, to a lesser extent, in the adult female spermathecae, spermovarial atrium, seminal atrium, and vaginal plate ( Cox- Foster et al. 1990; Feng et al. 199 16) . Although the overall level of GLD mRNA and protein in females is -3O-fold less than that in males, a comparison of Gld wild-type females and Gldmutant females indicates significant and reproducible expression in the adult female reproductive tract. An initial study of the male reproductive organs of D. pseudoobscura and D. virilis also revealed reproducible expression patterns in the reproductive tract. A moderate level of GLD is present in the ejaculatory bulb (but not in the ejaculatory duct) in D. virilis males. GLD expression in D. pseudoobscura males is also restricted to the ejaculatory bulb, albeit at a miniscule level.
The discovery of variation in GLD adult patterns among these three species motivated us to comprehensively examine the expression of GLD in the genus Drosophila and a few closely related genera. Interspecific P element-mediated gene transformation was used to assess possible cis-and trans-genetic differences in the expression of GLD in two of these species: D. pseudoobscura and D. melanogaster.
Material and Methods

Drosophila Stocks
Drosophila athabasca was obtained from Carol Yoon, Cornell University. Drosophila erecta was obtained from Elizabeth Snella, Purdue University. Drosophila silvestris was obtained from Chris Boake, University of Tennessee. All other species were obtained from the Bowling Green Drosophila Stock Center. The species were reared on a standard cornmeal-molasses-yeast diet, except for a few species that required special diets as determined by the Bowling Green Stock Center. Rearing temperature was ~24"C for all species, except for D. athabasca (reared at 22°C) and D. silvestris (reared at 18°C). The staging methods of Bainbridge and Bownes ( 198 1) were used for metamorphic development.
GLD Histochemical Stain
Only virgin adults 3-10 d old were assayed for GLD expression. All species examined are sexually mature by 3 d posteclosion. During day 1 of posteclosion, the extensive pattern of GLD expression in reproductive and nonreproductive organs subsides. Thus, by day 3 posteclosion, no perdurance of GLD expression is observed. At least five individuals were assayed per sex and per species. After the flies were dissected, the internal reproductive organs were immersed in 100 mM potassium phosphate (pH 6.8), 4.9 mM nitro-blue-tetrazolium, 157 mM phenazine methylsulfate, and 120 mM &~glucose and were incubated for l-2 h in the dark at room temperature. Negative controls ( 1) consisted of Gld-null-mutant strains of D. melunoguster or (2) were produced by deleting the p-~-glucose from the GLD-specific histochemical stain.
GLD Enzyme Activity
Whole animals were homogenized and centrifuged. The supematant was quantitatively assayed for GLD enzyme activity, according to a method described by Cavener and MacIntyre (1983) .
Dp/ DmGld Fusion Gene
A fusion Gld gene (pWGtl~/rnZO) containing the 5' half of the D. pseudoobscura Gld and the 3' half of the D. melanogaster Gld was constructed in the P-element transformation vector pW5 ( Klemenz et al. 1987 ) . The construction of pWGv/mZO was accomplished in three steps: ( 1) the 7.0-kb BamHI-KpnI 3' half fragment of the D. melunoguster Gld was ligated into the P-element transformation vector, pW5, yielding pWG22; (2) the 5.2-kb SalI-BumHI fragment of the D. pseudoobscura Gld was ligated into the XhoI-BumHI site of pWG22, yielding pWGv/m23; and (3) the central 4.0-kb BamHI fragment of the D. pseudoobscura Gld was ligated into the BamHI site of pWGv/m23, yielding pWGv/mZO. In summary, the plasmid pWGv/ m20 contains 9.25 kb of the 5' half of the D. pseudoobscura Gld, fused with 7.0 kb of the 3' half of the D. melunoguster Gld at a conserved BamHI site in exon III. P Element-mediated DNA Transformation and Mobilization P element-mediated germ-line transformation of the Dp/DmGld fusion gene was carried out using described methods elsewhere (Krasney et al. 1990 ). Additional D. melanogaster lines carrying the entire D. pseudoobscura Gld (DpGld-Dm) at new genomic locations were obtained by genetic mobilization of the DpGld gene of the two original transformant lines. Transformant males of the 7.1 and 7.2 strains were crossed to w;ry 506 P[ ry+A2-3](99B) virgin females. The latter strain contains P-element transposase functions. The Fl progenies were crossed to various strains that carry dominant balancer chromosomes. Standard cross schemes were applied to the F2 progeny to determine the new chromosomal locations.
Gld mRNA Northern Analysis RNA samples were obtained from whole animals or dissected tissues and were fractionated by formaldehyde-agarose gel electrophoresis using previously published procedures (Cavener et al. 1986u; Krasney et al. 1990 ). The gels were blotted onto Hybond-N ( Amersham) and then hybridized with '*P-labeled cRNA transcribed from pGv12, which corresponds to the antisense strand of a segment of exon IV of D. pseudoobscura Gld. Hybridization of the filters was conducted in 50% formamide, 0.6 M sodium chloride, 8.0 mM disodium ethylenediaminetetraacetate, 0.12 M Tris ( pH 7.4), 22.4 mM sodium pyrophosphate, 70 mM sodium dodecyl sulfate (SDS), and 50 pg heparin/ml at 60°C for 16 h. After hybridization, the filters were washed at room temperature in the presence of 0.3 M NaCl, 30 mM sodium citrate, and 0.70 mM SDS (pH 7.0) for 15 min. This was followed by a wash at 68°C in the presence of 0.03 M sodium chloride, 3.0 mM sodium citrate, and 70 mM SDS (pH 7.0) for 1 h. The northern filters were reprobed using a radiolabeled cRNA corresponding to I ).
the ribosomal gene, rp49, or al-tub&n to confirm the integrity and relative abundance of the RNA samples.
Results
Interspecific Variation in Adult Gld Expression Patterns
Adult GLD expression patterns were examined in representative species from the major Drosophila species groups as well as in single representative species from the closely related genera Chymomyza, Scaptomyza, Zaprionus, and Samoaia (table  1) . Adults were examined 3-10 d posteclosion; after 3 d, adult flies are sexually mature and no longer exhibit significant GLD enzyme that was previously synthesized during metamorphosis. Illustrative examples of GLD adult phenotypes are shown in figure 1. Five male and six female GLD phenotypes were observed among these species ( fig.  2 ). The male GLD phenotypes include the following: type I-ejaculatory bulb only; type II-ejaculatory bulb and anterior ejaculatory duct; type III-anterior ejaculatory duct only; type IV-no expression in the somatic reproductive organs; and type Vposterior ejaculatory duct only. The type I male GLD phenotype is the most common, occurring in 57% of all species. Type III, expression in the ejaculatory duct, is found only in several of the melanogaster-subgroup species (Sophophora subgenus). The expression of GLD in the anterior ejaculatory duct of type III species is severalfold higher than that in other species or in females of the sames species (Cavener 1985 ' Chromosome bearing insertion. bOrgans that exhibit a conserved pattern of expression are denoted by their acronyms: SP = spermatheca; SA = spermovarial and seminal atrium; and VP = vaginal plate.
' As determined by northern analysis of whole-fly RNA preparations compared with rp49 mRNA and the host Gld mRNA. The relative mRNA levels for the D melunogrrsrer and D. pseudoobscura strains was determined as an average of several northern blots.
d The DpGld-Dm7.2 and DpGld-Dm7.2Mb trangenic lines exhibit variation in ejaculatory-duct expression.
ulatory bulb obscures the posterior duct. Thus, types I and II may contain species that also express GLD in their posterior ejaculatory ducts. The single representative species from each of the genera Chymomyza, Scaptomyza, Zaprionus, and Samoaia were either type I or type IV, indicating that either expression in the ejaculatory bulb or no expression at all may represent the primitive state of GLD expression in the adult male reproductive tract. Females from all species examined exhibit GLD expression in their vaginal plate and spermathecae.
Other reproductive organs express GLD in species-specific patterns yielding six adult female types: type A-vaginal plate and spermathecae; type Bvaginal plate, spermathecae, and parovaria; type C-vaginal plate, spermathecae, seminal receptacle, and oviduct; type D-vaginal plate, spermathecae, seminal receptacle, oviduct, and parovaria; type E-vaginal plate, spermathecae, seminal receptacle; and type F-vaginal plate, spermathecae, seminal receptacle, and parovaria. GLD expression in the spermathecae and parovaria is typically restricted to the ducts but may occur in the capsules of these organs as well. In some species, GLD is found throughout the full length of the ducts; in other species, GLD is restricted to the proximal and/or distal ends (e.g., see fig. 1 E vs. I) . The distal ends of the spermathecal and parovarial ducts attach to the uterus at a common site that we have named the "spermovarial atrium" (Feng et al. 199 lb) . (See fig. 1 H. ) Two tissues, the spermovarial atrium and the seminal atrium, were difficult to see in many of the species and were not analyzed. However, for the three species (D. mefanogaster, D. pseudoobscura, and D. virilis) that we investigated extensively, females express GLD in the spermovarial and seminal atria. Female types A and B are the most common GLD patterns and are represented by at least one species in each subgenera, as well as by the single species assayed from each of the closely related genera Chymomyza, Scaptomyza, Zaprionus, and Samoaia. This suggests that types A and B are the ancestral types. Types C and D, which both include expression in the oviduct and seminal receptacle, were found among all four species assayed in the group Victoria (subgenus Scaptodrosophila). The obscura subgroup (subgenus Sophophora) is also unusual, displaying types E and F (seminal receptacle expression but not oviduct). Only one other species, D. crocina (group Tripunctata, subgenus Drosophila), showed expression in the seminal receptacle. Expression in the parovaria is the most variable within groups and is not correlated with the more unusual expression in the seminal receptacle and/or oviduct.
Preadult Gld Expression Patterns
We previously showed that Gld mRNA is expressed in a much broader pattern in the reproductive tract of D. melanogaster during its preadult development than during its adulthood. Gld mRNA is expressed in the male ejaculatory duct and bulb and in the female spermathecae, seminal receptacle, oviduct, and vaginal plate (CoxFoster et al. 1990 ; Quine 199 1) . Herein we report the preadult expression of the GLD enzyme in four species: D. melanogaster, D. pseudoobscura, D. virilis, and D. lebanonensis ( fig. 3) . These four species are relatively distantly related, and they each represent a unique adult GLD phenotype. As expected, GLD enzyme in D. melanogaster is expressed in the same tissues as is Gld mRNA; in addition, GLD is expressed in the parovaria. The parovaria are quite small but readily observed in dissected animals; however, we could not identify the parovaria in the tissue sections used previously for the identification of Gld mRNA. GLD enzyme is also detected in the ejaculatory duct and bulb during the preadult development of D. pseudoobscura, D. virilis, and D. lebanonensis males. Also, a similar, female GLD preadult pattern was observed in all four species mentioned above, although some temporal differences were observed; for example, GLD is expressed in the oviduct at stage PlO in D. melanogaster, at stage P6 in D. pseudoobscura, and at stage P14-15 in D. lebanonensis.
The array of organs that express GLD during their preadult development in these four species consists of the sum total of organs that express GLD at the adult stage in all of the species assayed. Species-specific adult GLD patterns are always a restricted subset of those organs that express GLD during preadult development of these four diverse species.
To provide an expanded view of the conservation of the GLD expression patterns, we examined the expression of GLD in the nonreproductive organs of the third larval instar from seven species that represent most of the major adult GLD phenotypes. In D. melanogaster we previously showed that GLD is expressed in the following larval tissues: the antenno-maxillary complex, the medial cells of the ventral ganglion, cells surrounding the posterior spiracles, the epidermal cells underlying the cuticle, and the anterior spiracular gland ( Cox-Foster et al. 1990; Quine 199 1) . The latter two organs, in particular, exhibit high levels of Gld mRNA in late third-instar larvae (Cox-Foster et al. 1990 ). Herein we show that the other six species examined (table 2) have the same pattern of GLD expression as does D. melanogaster. The high interspecific vari-ation in reproductive-tract expression of GLD versus the lack of variation in nonreproductive organs in third-instar larvae is similar to the results that Coulthart and Singh ( 1988) obtained in an two-dimensional gel-electrophoretic analysis of D. melanogaster and D. simulans proteins.
Expression of Gld in Interspecific Transgenic Flies
The interspecific variation in the patterns of GLD expression in the adult reproductive tract may be the consequence of cis-and/or trans-acting genetic differences among species. The ability to transfer genes between species provides a powerful method to discriminate between cis-and trans-acting differences (Cavener 1992) . We chose to examine the expression of the D. pseudoobscura Gld after its transfer into the genome of D. melanogaster, since D. pseudoobscura males and females exhibit pattern types (type I and type F, respectively) different from that observed for D. melanogaster (type III and type A). Previously we had shown that a D. pseudoobscura genomic clone of the Gld containing the entire transcription unit plus -2 kb of 5' and 3' flanking sequences rescued the lethality of Gld-null mutations of D. melanogaster (Krasney et al. 1990) . From that study two independent transformant lines were established: 7.1 and 7.2. Subsequently, three more transformant lines ( 7.IMa, 7.2Ma, and 7.2Mb) were obtained by genetic transposition of the D. pseudoobscura Gld in the 7.1 and 7.2 transformants. Genomic Southern analysis and chromosome mapping experiments indicated that the five lines are integrated at different sites in the genome (Feng 1990 ). Prior to examining the expression patterns, the transformant lines were crossed into a D. melanogaster G/d-null-mutant host lacking endogenous GLD enzyme.
Gld expression patterns of all of five DpGld-Dm lines were examined (table 3  and fig. 1 ). In male transformants, GLD encoded by the D. pseudoobscura Gld is expressed in the ejaculatory bulb in all five lines and in the ejaculatory duct in three lines. Two lines show fly-to-fly variation for GLD expression in the ejaculatory duct. In whole-fly homogenates of DpGld-Dm 7. I transformants, GLD activity is approximately fourfold less than that observed in wild-type D. melanogaster males but is substantially higher than the very low levels observed in D. pseudoobscura males. In particular, GLD expression in the ejaculatory bulbs of the DpGld-Dm transformant males is several fold higher than the almost undetectable levels in D. pseudoobscura.
To provide more direct evidence that the expression of the DpGld transgene is occurring in the reproductive organs (as opposed to transport of the GLD enzyme), northern blot analysis of select tissues was performed. Although the D. melanogaster Gld-null mutants still express normal levels of Gld mRNA, the D. pseudoobscura and D. melanogaster Gld mRNAs are different in size and can be readily distinguished on northern blots (Krasney et al. 1990 ). The expression of the D. pseudoobscura Gld mRNA in the ejaculatory bulb and ejaculatory duct of DpGld-Dm 7.1 is high compared with the expression of the rp49 mRNA, which indicates the relative abundance of total mRNA in the dissected organ samples (fig. 4) . In contrast, Gld mRNA in the ejaculatory bulbs of D. pseudoobscura is bearly detectable (data not shown), which is concordant with a low level of GLD enzyme activity.
Similar to the expression of GLD in the male DpGld-Dm transformants, the female patterns of expression ranged between the donor and host patterns. Females of all five strains exhibited GLD activity in the set of organs common to both species. In addition, two lines ( 7. I and 7.2) showed GLD activity in their seminal receptacles, and all lines showed expression in the parovaria (GLD is expressed in the latter two organs in D. pseudoobscura but not D. melanogaster) . Similar to the situation in the This gene was transduced into a D. melanogaster Gld-null host, and a single transformant line (Dp/ DmGld-Dm) was obtained and analyzed. Male and female adult expression of the fusion gene was identical to that in three of the DpGld-Dm transformant lines, including expression in the male ejaculatory duct and bulb and female parovaria (table 3) . This result suggests that the 5' half of the D. pseudoobscura Gld contains the necessary cis elements to provide the unique expression in the ejaculatory bulb and the parovaria. Because only a single line was studied, the lack of expression in the female seminal receptacle could be due to genetic background effects, particularly since the DpGld-Dm transformant lines show variable expression in this organ.
Discussion
Among the drosophilids, the considerable interspecific variation in the organspecific expression patterns of GLD in the adult reproductive tract is in sharp contrast to the conserved patterns observed in preadult development of both reproductive and nonreproductive organs. For the reproductive organs an intriguing relationship holds between the conserved expression during development and the diverse patterns exhibited at the adult stage. The set of somatic reproductive organs expressing GLD during preadult development consists of all of the organs in which GLD can be expressed at the adult stage in the various drosophilids. GLD expression in adults is restricted to a species-specific subset of the reproductive organs that express GLD during development. Viewed mechanistically, this could simply be the result of turning GLD expression off in some organs while leaving it on in other organs. Thus, variation in adult expression could be explained as differences in the degree of molecular neoteny (i.e., persistence of juvenile gene expression). This interpretation may be generally correct but is complicated by detailed temporal studies of Gld mRNA expression in Drosophila melanogaster, which indicated that GLD mRNA/enzyme expression is very high during metamorphosis and then virtually disappears at the end of metamorphosis, before reaching a very high level in males and a modest level in females 2 d posteclosion ( Cox-Foster et al. 1990 ). The transient reduction of GLD at the end of metamorphosis could be due to the transient drop of just one of several trans-acting factors necessary for Gld transcription. Therefore other trans-acting factors could persist unabated in a subset of the reproductive organs, consistent with the molecular neoteny hypothesis.
Elsewhere we have shown that the temporal expression of GLD in D. melanogaster is largely regulated by the steroid hormone ecdysone (Cavener et al. 1986b; Murtha and Cavener 1989) . Temperature-sensitive mutations of the ecd-1 gene are ecdysone deficient (Garen et al. 1977) , resulting in a much lower expression of GLD in larvae and adult males. Feeding ecdysone caused elevated expression of GLD at these two stages (Cavener et al. 1986b ; Murtha and Cavener 1989) . DNA sequence analysis of D. melanogaster and D. pseudoobscura Gld has detected several dispersed putative ecdysone response elements ( EcRE) located in a conserved region of the first intron (Krasney et al. 1990 ). These elements fit the recently defined EcRE consensus sequence (Cherbas et al. 199 1) . The titer of ecdysone drops dramatically at the end of metamorphosis, before making a small recovery in adults (Kraminsky et al. 1980 ). Therefore, the on-off-on sequence of GLD expression is regulated, at least in part, by the change in titer of ecdysone. Other factors (including the ecdysone receptor) that are necessary for Gld transcriptional activation may exhibit quite different dynamics during this important developmental stage in the transition to adulthood.
Gld expression in the reproductive tract is also regulated by the sex-determination genes tru, tru-2, and dsx ( Feng et al. 199 1 b) . Although the primary function of the sex-determination genes is to make a binary choice between male and female development (Baker 1989) , we have recently shown that these genes are further required for determining the species-specific adult pattern of GLD expression in D. melunogaster (Feng et al. 199 1 b) . The evidence for this conclusion comes from misregulation studies of the sex-determination genes tru and tru-2. Changing the male versus the female mode of expression of either of these two genes immediately after the primary determination to develop as males or females in the third larval instar leads to ectopic expression of GLD at the adult stage. Inducing the female expression of this pathway at this point in developing males eventually leads to normal or nearly normal male organs, but the ejaculatory bulb ectopically expresses Gld. The reciprocal misregulation of the tru gene in females leads to ectopic expression of Gld in the oviduct of the adult, whereas the misregulation of the tru-2 gene in females leads to ectopic expression in both the seminal receptacle and oviduct of the adult. Ectopic expression at the adult stage is restricted to those organs that normally express Gld during preadult development. Misregulation of the sex-determination pathway of D. melunogaster can result in adult patterns that are identical to patterns observed in other species examined herein. For example, the adult females of D. lebanonensis normally express GLD in the oviduct and seminal receptacle. Many species normally express GLD in the ejaculatory bulb, and a few express GLD in the ejaculatory duct and bulb. This leads to the hypothesis that the variation in adult GLD patterns of expression in the reproductive tract is the consequence of variation of the sex-determination pathway. Because the sex-determination pathway is largely regulated by sex-specific alternative RNA splicing, it is easy to imagine that interspecific variation in the efficiency of sex-specific splicing could result in subtle shifts in sexual dominance, at the molecular level. Although we have discussed sex-determination factors and ecdysone separately, they may act in a single pathway to regulate Gld expression in the reproductive organs (e.g., the sexdetermination factors may regulate the tissue-specific expression of the ecdysone receptor) .
The expression patterns of the transposed D. pseudoobscura Gld in D. melanogaster (DpGld-Dm ) suggest that both cis-and trans-acting differences occur between these two species. Expression of DpGld-Dm in the ejaculatory duct is consistent with the presence of trans-acting differences because DpGld (in D. pseudoobscura) is not expressed in this organ. These trans-acting differences may include the ecdysone receptor and the sex-determination pathway. An alternative explanation is that D. pseudoobscura Gld is not expressed in the ejaculatory duct of D. pseudoobscura because of the presence of an ejaculatory duct-specific negative element (i.e., a silencer). This element would have to map >2 kb away from the D. pseudoobscura promoter and, therefore, would not be contained within the D. pseudoobscura Gld clone used in the transformation experiments. Although negative promoter elements are not uncommon, negative silencers mapping > 1 kb away from the promoter are rare (Renkawitz 1990; Muller and Bienz 199 1) .
In contrast to the ejaculatory-duct expression of Gld, Brady and Richmond ( 1990) have shown that the expression of the Est-6/5 genes in the ejaculatory ducts of D. pseudoobscura and D. melanogaster is controlled strictly by cis-acting elements. The D. pseudoobscuru Est-5 gene is not expressed in the male ejaculatory duct when transposed into D. melanogaster, despite the expression of the homologous Est-6 D. melanogaster in this organ.
Expression of DpGld-Dm in the ejaculatory bulb of males and in the parovaria
